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ABSTRACT
Context. Pulsating stars in binary systems are ideal laboratories to test stellar evolution and pulsation theory, since a direct, model-
independent determination of component masses is possible. The high-precision CoRoT photometry allows a detailed view of the
frequency content of pulsating stars, enabling detection of patterns in their distribution. The object HD 51844 is such a case showing
periastron brightening instead of eclipses.
Aims. We present a comprehensive study of the HD 51844 system, where we derive physical parameters of both components, the pul-
sation content and frequency patterns. Additionally, we obtain the orbital elements, including masses, and the chemical composition
of the stars.
Methods. Time series analysis using standard tools was employed to extract the pulsation frequencies. Photospheric abundances of
21 chemical elements were derived by means of spectrum synthesis. We derived orbital elements both by fitting the observed radial
velocities and the light curves, and we did asteroseismic modelling as well.
Results. We found that HD 51844 is a double lined spectroscopic binary. The determined abundances are consistent with δ Delphini
classification. We determined the orbital period (33.498±0.002 d), the eccentricity (0.484±0.020), the mass ratio (0.988±0.02), and
the masses to 2.0±0.2 M for both components. Only one component showed pulsation. Two p modes ( f22 and f36) and one g mode
( forb) may be tidally excited. Among the 115 frequencies, we detected triplets due to the frequency modulation, frequency differences
connected to the orbital period, and unexpected resonances (3:2, 3:5, and 3:4), which is a new discovery for a δ Sct star. The observed
frequency differences among the dominant modes suggest a large separation of 2.0 – 2.2 d−1, which are consistent with models of
mean density of 0.063 g cm−3, and with the binary solution and TAMS evolutionary phase for the pulsating component. The binary
evolution is in an intermediate evolutionary phase; the stellar rotation is super-synchronised, but circularisation of the orbit is not
reached.
Key words. stars:pulsation – stars:δ Sct stars – stars: binaries – techniques:photometry – techniques:spectroscopy
? Based on observations obtained with the HERMES spectro-
graph attached to the Mercator Telescope which is operated on
the island of La Palma by the University of Leuven (IvS) at the
Spanish Observatorio del Roque de los Muchachos of the Instituto de
Astrofı´sica de Canarias. The HERMES spectrograph is supported by
the Fund for Scientific Research of Flanders (FWO), Belgium , the
Research Council of K.U.Leuven, Belgium, the Fonds National de la
Recherche Scientifique (FNRS), Belgium, the Royal Observatory of
Belgium, the Observatoire de Gene`ve, Switzerland and the Thu¨ringer
Landessternwarte Tautenburg, Germany. Based on CoRoT space-based
photometric data; the CoRoT space mission was developed and oper-
ated by the French space agency CNES, with the participation of ESAs
RSSD and Science Programmes, Austria, Belgium, Brazil, Germany,
and Spain. Based on observations collected at La Silla Observatory,
ESO (Chile) with the HARPS spectrograph at the 3.6-m telescope, un-
der programme LP185.D-0056.
1. Introduction
Pulsating components of binary stars are most valuable targets to
test various theories of stellar modelling, provided that the com-
ponent properties (e.g., masses, radii) can be determined with
sufficient accuracy. The characteristic behaviour of binary sys-
tems may also be investigated with the help of pulsating compo-
nents of binary systems. Even though eclipsing binaries show-
ing additional periastron brightening have been discussed for
a long time (Roberts 1906), it is space photometry, which is a
method sensitive enough to show periastron brightening effects
of non-eclipsing binaries. The latter objects, which show even
more complicated light variations than those present in eclips-
ing stars were found in Kepler data and reported by Thompson
et al. (2012). However, similar cases have also been found from
ground-based observations (Fekel et al. 2011). Light curves in-
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dicating periastron brightening effects of non-eclipsing binaries
can be explained by eccentric orbit resulting in tidal deformation
of the stars and/or reflected light.
The object HD 51844 shows the periodic brightening event
of a heartbeat star. The phase diagram of HD 51844 resembles
that of KIC 4847343 or KIC 8264510 shown in Thompson et al.
(2012); hence, HD 51844 is the first recognised case of a heart-
beat star among the CoRoT targets. Tidally induced pulsation
in g modes with integer multiples of the orbit frequency is fre-
quently observed among such stars of which KOI-54 represents
an instructive example for such stars (Welsh et al. 2011).
The object HD 51844 (= CoRoT 1043,V = 8.59) is an
ideal test-case for various theories. It was observed in the
CoRoT LRa02 (from Nov. 11, 2008 to March 11, 2009) for
117 days of uninterrupted time-base as one of ten Seismo tar-
gets. Additionally, the star was observed in the Large Program
LP 185.D with ESO using the HARPS instrument mounted
on the 3.6-m telescope at La Silla. During these observations,
HD 51844 was discovered to be a binary (Hareter & Paparo´
2014). Furthermore, 19 HERMES spectra were obtained from
March to April 2013 covering a large fraction of the binary orbit
phase. Five groups of two consecutive McDonald spectra were
also obtained in late March 2013.
The CoRoT light curve reveals multi-mode pulsation typical
for δ Sct stars. Such stars are pulsating intermediate mass stars
(1.5 to 3.0 M) on or near the main sequence. They pulsate in
radial and non-radial low-order p modes, with frequencies rang-
ing typically from roughly 5 to 70 d−1. A detailed review on δ
Sct stars can be found in Breger (2000); Aerts et al. (2010).
The star is listed in the General Catalogue of Ap and Am
stars (Renson & Manfroid 2009) and was originally reported as
CrII-EuII by Mu¨nch (1952), who used the MKK stellar classi-
fication system of Morgan et al. (1943). It is also listed as a
Fm δ Delphini type by Houk & Swift (1999) in the Michigan
catalogue of two-dimensional spectral types for the HD Stars,
vol. 5. The δ Del stars are characterised by a similar chemi-
cal abundance pattern as the Am stars but without their typi-
cal underabundances of Sc and Ca. A large fraction of Am stars
are components of binary systems (Carquillat & Prieur 2007).
Unfortunately, no HIPPARCOS parallax is available.
In Sec. 2, we present the frequency analysis of the CoRoT
Seismo photometry, including a detailed study of the regulari-
ties of the δ Sct pulsation. In Sec. 3, we describe the analysis
of the spectroscopy, including the abundance analysis and the
radial velocity measurements. In Sec. 4 we derive the orbital so-
lution of the binary and the determination of the stellar param-
eters. Section 5 presents the seismic modelling of the pulsator.
Section 6 discusses the regularity of the p modes, the discrepan-
cies between the stellar parameters obtained from spectroscopy,
and orbital and seismic modelling. The evolutionary status of
the components and the binary orbit are also discussed. Finally,
a summary is given in Sec. 7.
2. δ Sct pulsation
2.1. Treatment of the raw data
We used the N2 data of the CoRoT Seismo light curve for our
investigation. We excluded data points, which were flagged as
interpolated, but kept all other data points. The jump and outliers
were removed in an iterative approach, where the first step was to
subtract a linear regression on the whole data set. The next step
involved prewhitening with the δ Sct frequencies; in this case,
all significant frequencies from 5 to 25 d−1. As a result, a clear
Fig. 1. CoRoT N2 light curve of HD 51844 (top panel), the in-
serted curve shows the final trend curve which was subtracted.
The resulting light curve is shown in the bottom panel with the
binary light curve indicating the periodic brightening event.
periodic brightening event became evident. Its period was pre-
liminarily determined using the Phase Dispersion Minimisation
method (Stellingwerf 1978). This periodic brightening event was
also removed by subtracting a multi-sine fit using forb and 15
harmonics. This latter procedure left the residuals only with the
noise and artefacts.
We rectified these residuals in turn by fitting piecewise linear
regressions and performing a 3σ outlier clipping. We removed
the jump at the beginning by adding the appropriate difference
to the average residuals (i.e., 0.0018 in relative intensity) and
removed the trend curve (unrectified residuals minus rectified
residuals) from the N2 data. The top panel in Fig 1 shows the un-
treated N2 data and the subtracted trend curve. We also applied
the sampling of the residuals, which is reduced by the clipping
of outliers, to the N2 data. The resulting cleaned light curve is
shown in the bottom panel of Fig 1. The overplotted line shows
the periodic brightening event.
The δ Sct pulsation and the binary light variation are well
separated in the Fourier space, which allows disentangling the
light variation due to the binary effect and that due to the pul-
sation in the time domain. To investigate the pulsation content
with high accuracy, we constructed a preliminary binary light
curve by a multi-sine fit using the binary orbit frequency and 15
harmonics. We subtracted the latter from the cleaned light curve,
resulting in a pure pulsation light curve, which is investigated in
this section in detail.
2.2. Frequency analysis of the pulsational signal
We applied a standard frequency analysis to the pure pulsation
light curve to obtain the final pulsational frequencies. Although
this Seismo target was sampled in every 32 s and the raw dataset
contained 302 107 points, we carried out the analysis on the
dataset binned in 3 minutes (55 201 points). Typical segments
of the light curve, a ten-day long beating feature, abrupt changes
in the amplitude, and the curvature of the consecutive cycles are
shown in Fig. 2. The peak-to-peak amplitude is of the order of
0.015 mag.
We used the generally applied software packages for fre-
quency analysis: SigSpec (Reegen 2007), Iterative Sine-wave
Fitting (ISF) (Vanı´cˇek 1971), MuFrAn (Kolla´th 1990), and
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Table 1. The 55 most significant independent frequencies of
HD 51844 to the A > 0.05 mmag. The numbers between brack-
ets give the first uncertain digit of the Fourier parameters. The
full list of 115 significant frequencies can be found in the online
material.
No. Frequency Ampl. Phase S/N
(d−1) (mmag) (rad)
1 12.21284(4) 2.26(2) 0.1683(8) 419.99
2 7.05419(8) 2.14(2) 0.2278(9) 431.56
3 6.94259(6) 1.83(2) 0.5071(6) 371.62
4 8.14077(3) 1.47(4) 0.150(7) 282.77
5 6.75568(5) 0.61(5) 0.797(7) 125.20
6 11.95900(1) 0.58(4) 0.388(8) 108.89
7 11.56613(9) 0.53(7) 0.512(1) 95.27
8 10.3695(3) 0.37(1) 0.476(9) 66.53
9 11.3373(2) 0.36(5) 0.440(8) 65.74
10 12.0898(2) 0.35(7) 0.554(2) 65.86
11 10.3528(3) 0.32(3) 0.292(2) 57.71
12 10.7233(6) 0.30(6) 0.970(0) 55.41
13 10.8483(5) 0.27(7) 0.957(2) 49.87
14 10.6819(2) 0.26(1) 0.687(6) 47.53
15 7.4543(5) 0.23(7) 0.359(2) 46.27
16 11.7759(5) 0.22(9) 0.230(9) 40.85
17 12.5201(9) 0.19(1) 0.506(8) 36.23
18 11.4296(6) 0.18(3) 0.132(8) 32.48
19 6.5868(9) 0.17(2) 0.360(1) 35.92
20 12.7545(3) 0.17(2) 0.064(6) 33.45
21 11.8311(5) 0.16(2) 0.07(6) 29.07
22 9.9707(4) 0.16(3) 0.86(1) 28.81
23 7.2190(1) 0.15(5) 0.94(3) 31.35
24 9.7186(2) 0.14(8) 0.02(8) 27.23
25 11.2958(9) 0.14(3) 0.90(8) 25.63
26 14.8846(6) 0.13(9) 0.70(6) 24.64
27 9.3199(5) 0.12(9) 0.85(0) 23.70
28 8.8682(8) 0.13(8) 0.07(9) 26.47
29 8.8818(8) 0.12(2) 0.17(3) 23.42
30 12.1572(4) 0.11(2) 0.25(6) 20.65
31 12.2856(7) 0.10(9) 0.09(6) 20.20
32 10.0247(7) 0.10(1) 0.25(3) 17.91
33 8.3888(4) 0.09(9) 0.45(5) 19.06
34 12.4223(7) 0.10(0) 0.69(9) 18.72
35 7.3205(4) 0.09(2) 0.26(9) 18.32
36 9.5227(3) 0.08(6) 0.73(0) 15.67
37 10.6712(7) 0.08(6) 0.72(6) 15.71
38 10.5005(0) 0.08(3) 0.06(2) 14.96
39 7.9010(9) 0.08(4) 0.82(3) 16.07
40 11.0848(4) 0.07(6) 0.28(5) 13.22
41 11.2855(7) 0.08(0) 0.60(2) 14.28
42 12.2430(9) 0.07(2) 0.58(3) 13.33
43 7.5712(2) 0.07(1) 0.60(1) 13.86
44 12.1830(0) 0.07(1) 0.96(0) 13.09
45 7.6520(5) 0.06(7) 0.83(3) 12.97
46 6.7898(5) 0.06(3) 0.04(9) 12.85
47 8.2485(4) 0.06(7) 0.18(1) 12.75
48 9.0977(1) 0.06(3) 0.90(0) 11.82
49 12.7807(9) 0.06(0) 0.55(3) 11.63
50 12.3208(9) 0.05(9) 0.53(2) 11.00
51 10.8197(9) 0.05(5) 0.12(1) 9.83
52 6.9123(6) 0.05(7) 0.59(7) 11.52
53 7.0245(0) 0.05(3) 0.53(5) 10.66
54 8.1106(2) 0.05(2) 0.96(6) 10.02
55 8.0741(5) 0.05(1) 0.02(1) 9.85
Period04 (Lenz & Breger 2005). Each of them has an advan-
tage in some respect. SigSpec is fully automated and well-suited
for the analysis of large light-curve samples and a fast, first
step determination of the frequency content. ISF, MuFrAn, and
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Fig. 2. Typical features in the light curve of HD 51844. The full
amplitude of the cycles is in a 0.015 mag range. The ten-day
long beat is caused by two/three dominant modes. Fits with four
(black dashed line) and 115 (white continuous line) frequencies
are given in the zoomed panels. Observational points are given
by large size grey filled circles, serving as a background for the
fit with 115 frequencies.
Period04 provide iterative multi-frequency solutions by human
interaction for a limited number of frequencies.
The user-friendly graphical display of MuFrAn allows in-
vestigating the possible amplitude increase due to unresolved,
closely spaced peaks. Period04 facilitates the error estimation
and the determination of the S/N, which can be readily used as a
stop criterion for the iterative frequency search.
Although SigSpec retained about 740 peaks until the signif-
icance limit of six (Reegen 2007) was reached, and the consec-
utive highest amplitude solution of Period04 revealed 250 peaks
until the S/N=4.0 limit (Breger et al. 1993), we accepted only
115 frequencies in our final list. Our argument is based on the
fine structure of the spectral window presented in panel (f) of
Fig 3. Note that the y-axis of the spectral window is normalised
to unity, while the axis label refers to panels (a) to (e). Of course,
due to the high duty cycle, there are no high amplitude aliases.
The obvious alias structure, connected to the orbital motion of
the spacecraft, is lower than 2%. In the range from 0 to 6 d−1
there is an alias structure with decreasing amplitude. At any step
of finding the next peak (prewhitening), the alias structure influ-
enced (due to uncertainties) our next choice.
We omitted peaks supposedly connected to the fine structure
of the spectral window. We may have missed some of the low
amplitude frequencies of the pulsation, but not including spuri-
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Fig. 3. Amplitude spectrum at different steps of the frequency
search process: (a) original spectrum, (b), (c), (d), (e) show the
spectrum after subtracting 4,25,55 and 115 peaks, respectively.
In panel (e) the significance level is also given by continuous
line. Panel (f) shows the fine structure of the spectral window,
where its y-axis is normalised to unity instead of mag.
ous peaks in our final frequency list outweighed the loss of low
amplitude frequencies. We omitted closely spaced peaks with
frequency difference obviously smaller than the Rayleigh reso-
lution of 0.0085 d−1. We further omitted frequencies with bigger
difference than the Rayleigh resolution, where including both
components in the solution artificially increased the amplitude
of the first frequency in the least-square fit process. The differ-
ent software packages resulted in the same solution concerning
the frequencies with amplitudes higher than 0.05 mmag.
The different steps of the period searching process are shown
in Fig. 3. For better visibility, only the 0 - 25 d−1 range is dis-
played in the panels, since there are only spurious peaks (con-
nected to the orbital period of CoRoT) above the noise level out
of this range. We also present the low-frequency region, since
any tidally excited g-mode should be expected here. Panel (a)
gives the original spectrum dominated by peaks with almost
the same amplitude (12.21284, 7.05419 and 6.94259 d−1) and
a fourth one with slightly lower amplitude (8.14077 d−1). Panels
(b), (c), (d), and (e) show the spectrum after subtracting 4, 25,
55, and 115 frequencies, respectively. In panel (c) a peak at
14.8846 d−1 has the largest amplitude. Although it falls in the
fine structure of the +1 d−1 alias of the CoRoT orbit frequency,
the relatively high amplitude of this peak suggests that it should
be included in our frequency list as an intrinsic real frequency.
The other peaks in panel (c) and (d) show the large number of
lower amplitude frequencies.
The low frequency part of both panels shows an increasing
noise level, indicating that the subtracted binary light curve was
not completely appropriate. In a later stage of the analysis, we
compared it to the theoretical orbital light curve (Sec. 4) that was
much smoother than we had subtracted above (Sec. 2.1). There
was no change in the frequencies of neither the p-mode nor the
g-mode region. Comparing the low frequency regions of pan-
els (d) and (e), two low amplitude frequencies deserve attention.
One of the frequencies at 3.253(4) d−1 , just above the S/N=4.0
significance level, may be interpreted as a possible tidally ex-
cited g mode. It is near an integer multiple of the orbital period
( f111 = 108.98* forb). The other low frequency is 2.873(7) d−1,
which is not an integer multiple of the orbit frequency.
Panel (e) presents our residual spectrum. The significance
level is given by the continuous line. Period04 was used to obtain
the significance value in each bin of 5 d−1, which was shifted by
2 d−1. The significance level (i.e., four times the mean amplitude
of the noise) has a minimum of 15.8 ppm at about 5 d−1. Some of
the residual peaks are above the significance level. These peaks
(8.2631, 8.8597, 8.8468 and 9.5295 d−1) are closely spaced to
one of our frequencies in our final list. For this reason we can-
not resolve them without amplitude distortion. The 8.84687 d−1
peak is especially interesting, since two other close peaks (at
8.8682(8) and 8.8818(8) d−1) are included in our final frequen-
cies. The three peaks are not equidistant, but their spacing cor-
responds to a splitting with 46.7 - 73.5 d. The peaks around
1,2,13,14,15, and 17 d−1 could be the remnants of the fine struc-
ture of CoRoT’s orbital period aliases. Four peaks at 19.169,
20.4758, 20.5591, and 22.2555 d−1 are questionable. They are
in the region of the fi + f j linear combinations. It is possible to
numerically find a close solution, such as f1 + f3 = 19.155 d−1 or
f1 + f2 = 19.267 d−1, but they are out of the Rayleigh limit to the
19.169 d−1 that we found. The frequency f114 = 5.158 d−1 could
be interpreted as f1 − f2. Linear combinations would show that
the frequencies involved belong to the same component. We can
hardly expect linear combination of the other frequencies due to
their low amplitudes. We decided not to include the questionable
peaks in our final list.
A special test was made to find a useful criterion when
to stop the iterative process of the frequency analysis. Close
frequencies (33 at around 12.212 d−1, 29 around 7.054 d−1, 14
around 8.140 d−1, and 25 around 10.369 d−1) were used to gen-
erate synthetic data on the whole timebase without adding any
noise. The frequency analysis of the synthetic data by Period04
returned the input frequencies. However, in each case, groups of
low amplitude but significant “extra” frequencies were found,
although the input frequencies and amplitudes were constant
in these cases (variability of frequencies and amplitudes can
cause a similar effect). The test showed it was more secure to
stop above the traditional significance limit. A mathematical ap-
proach of such problems in the treatment of space data was re-
cently published by Balona (2014).
Table 1 lists the first 55 frequencies, their amplitude (A>0.05
mmag), phases and signal-to-noise ratio value. The formal errors
were calculated by Period04. The first uncertain digits are given
in parentheses. The other frequencies up to 115 in the same for-
mat are given only electronically (Table 9).
The fits in Fig. 2 with four (black dashed line) and 115 (white
continuous line) frequencies nicely show that a part of the light
curve (middle panel) could be remarkably well fitted by the
four dominant modes, but another part of the light curve (bot-
tom panel) shows large deviations from the measured values.
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The 115 frequencies perfectly fit the complicated light curve of
HD 51844 shown by the reduction of the variances of the resid-
uals (85% with the four frequency fit and 98.8% with the 115
frequency solution). The excited modes are distributed in the 5-
15 d−1 range, giving a constraint for seismic modelling.
Regularities in the frequency content
The light-time effect due to the orbital motion appears as fre-
quency modulation. In the case of an elliptical orbit, a multi-
plet structure appears (Shibahashi & Kurtz 2012). The side peak
structure around the four highest amplitude modes has been dis-
cussed in Hareter & Paparo´ (2014), giving the values of the first
and second order side-peaks, their amplitudes, and phases on the
SigSpec solution.
Our final list of frequencies concentrated only on the doubt-
less, higher amplitude modes and contains only the triplet struc-
ture of the frequency modulation. No further triplets were found.
However, we found doublets with frequency spacings corre-
sponding to an integer number (2,3,4,6,7,10) times of the orbital
frequency (for example f2 – f5 = 10 forb). Thirty frequencies are
in doublets (26%). Including multiplets, 36.5% of the frequen-
cies are separated by integer multiples of the orbital frequency.
The large frequency separation is defined as the frequency
spacing of consecutive radial orders for pulsators in the asymp-
totic regime, and is proportional to the inverse of the sound travel
time. For low-order p mode pulsators (δ Sct stars), this separa-
tion becomes fuzzy in particular for evolved stars. For non-radial
(` > 0) modes, this separation is destroyed due to avoided cross-
ing and mixed modes. However, the radial modes (` = 0) ap-
proximately keep the separation (although not exactly); thus, it
is justified to look for such a frequency spacing.
Two p-modes are multiples of the orbital frequency as in KIC
45444587 (Hambleton et al. 2013). The ratios of the p modes to
the orbital frequencies are f22/ forb = 333.999849 and f36/ forb =
318.9922410. We conclude that these p-modes can be tidally ex-
cited modes. Although it would be straightforward to suppose
that the well-separated groups around f1 belongs to one compo-
nent and around f2 to the other component, we did not find any
argument for it. The regularities connect the two groups, like the
possible large separation (spacing between the consecutive ra-
dial orders), which are around 2.0 – 2.2 d−1 ( f8− f4 = 2.23, f1− f22
= 2.24, f1 − f4 = 2*2.04). A slightly different value is shown
between f1 − f2 (2* 2.58), which does not fit the previous se-
quence. The frequency f6 could be the rotational split of f1 with
0.2538 d−1, which agrees with the rotational period of secondary
component (Sec. 4). There is no rotational split around f2 with
the previous value but f5 differs by about 10* forb (0.299 d−1),
which is in the range of the rotational velocities of the compo-
nents (Sec. 4). The possible large separation 2.0 – 2.2 d−1 could
constrain the seismic modelling.
A 3:2 resonance was immediately noticed between f1 =
12.21284(4) and f4 = 8.14077(3) d−1 frequencies. Normally,
the p-modes excited in a single δ Sct star do not show such
a frequency ratio except if subharmonics are also excited due
to non-linear effects. To see the whole situation, a systematic
search was done on the ratio of all frequencies to all frequen-
cies. Resonances were accepted if the frequency difference be-
tween the real frequency and the calculated frequency with the
exact resonance value were lower than the Rayleigh resolution.
Altogether, 32 resonance pairs were noticed with 53 indepen-
dent frequencies that were included out of the 115 frequencies
listed in the electronic table. Different kinds of frequency rela-
tions were found including one first (2:1) harmonic, one second
Table 2. Resonance pairs. The first two columns give the la-
bels of the frequencies included in our final list. The third col-
umn gives the frequency difference between the real frequencies
(second column) and the calculated ones (first column) with the
exact resonance values.
Freq. Freq. Difference
(d−1) (d−1) (d−1)
3:2
f87 f26 0.00781
f4 f1 0.001685
f54 f30 0.008690
f35 f62 0.009810
f52 f8 0.00099
f90 f71 0.00195
f101 f48 0.00444
f113 f80 0.000050
f109 f88 0.00215
3:5
f45 f20 0.00112
f15 f34 0.001547
f66 f108 0.006533
f3 f7 0.004854
f46 f67 0.000083
f19 f62 0.00715
f90 f57 0.00300
f102 f38 0.0000
f97 f103 0.00733
f96 f65 0.00733
f96 f94 0.00206
3:4
f27 f34 0.00423
f64 f10 0.00658
f85 f86 0.006533
f4 f13 0.000036
f54 f51 0.00563
f100 f70 0.00690
f45 f79 0.007867
f96 f43 0.001087
(3:1) harmonic, and a 2:5 resonance. We also searched for 3:2,
3:4 and 3:5 resonances. The resulting list of resonances is given
in Table 2. Altogether we found 9, 11, and 8 pairs with 3:2, 3:5
and 3:4 resonances, respectively. Our conclusion is that about
half of the peaks in the δ Sct p-mode region do not correspond
to independently excited modes but are excited by resonances.
3. Spectroscopy
The periodic brightening event prompted us to organise a spec-
troscopic campaign with the aim to monitor the radial velocities
of the components during one orbital cycle. The coverage was,
however, not sufficient to do mode identification of the pulsation
modes. The HARPS spectra from late 2009, as obtained during
LP185.D-0056, already indicated a composite spectrum, but, at
that time, it was not clear how many components are present.
Table 3 gives the observing log. The HJD refers to the time of
mid-exposure, the signal-to-noise ratio was estimated between
5805 and 5825 Å, except for the McDonald spectra, where it
was estimated near 4690 Å. Note that the HARPS spectra are
not numbered in chronological order.
The HARPS spectra were reduced using a semi-automatic
pipeline developed at INAF-OAB, which gives two different out-
puts: 1) normalised and merged spectra, and 2) both normalised
and un-normalised spectra with the orders separated. In both
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Table 3. Observation log of the spectroscopy.
HJD label Integration time S/N orbital phase1 spectrograph Observer
2455178.76490 602 1400 s 199.0 0.477 HARPS M. Rainer
2455192.84634 801 1200 s 174.4 0.897 HARPS M. Hareter
2455194.86688 831 1200 s 137.9 0.958 HARPS M. Hareter
2455195.85916 820 1200 s 154.1 0.987 HARPS M. Hareter
2456375.35553 23 1200 s 69.8 0.198 HERMES P. Marcos-Arenal
2456376.37884 24 1200 s 97.3 0.229 HERMES P. Marcos-Arenal
2456377.3494 25 1200 s 101.2 0.258 HERMES P. Marcos-Arenal
2456380.35516 28 1200 s 97.6 0.348 HERMES P. Marcos-Arenal
2456381.35728 29 1200 s 91.4 0.377 HERMES P. Marcos-Arenal
2456382.35234 30 1200 s 108.2 0.407 HERMES P. Marcos-Arenal
2456383.35062 31 1200 s 93.2 0.437 HERMES P. Marcos-Arenal
2456384.35832 32 1600 s 91.6 0.467 HERMES J. Vos
2456388.3539 36 1400 s 102.2 0.586 HERMES J. Vos
2456389.35639 37 1400 s 79.5 0.616 HERMES J. Vos
2456390.36529 38 1200 s 61.0 0.646 HERMES J. Vos
2456391.35329 39 1200 s 98.9 0.676 HERMES J. Vos
2456392.3528 40 1000 s 108.8 0.706 HERMES J. Vos
2456393.36444 41 1200 s 108.2 0.736 HERMES J. Vos
2456394.37935 42 1600 s 89.7 0.766 HERMES P. Lampens
2456395.37624 43 2000 s 84.2 0.796 HERMES P. Lampens
2456396.38563 44 1500 s 103.7 0.826 HERMES P. Lampens
2456397.3794 45 1800 s 94.6 0.856 HERMES P. Lampens
2456398.37166 46 1800 s 94.4 0.885 HERMES P. Lampens
2456378.60500 Mc26 2x1200 s 156 0.292 McDonald P. De Cat
2456379.60590 Mc27 2x1200 s 130 0.322 McDonald P. De Cat
2456380.60990 Mc28 2x1200 s 131 0.352 McDonald P. De Cat
2456381.60630 Mc29 2x1200 s 81 0.382 McDonald P. De Cat
2456383.60520 Mc31 2x1200 s - 0.441 McDonald P. De Cat
Notes. (1) Phase zero-point: JD 2 456 368.712
cases, the spectra were flat-field corrected, de-blazed using the
continuum of a hot star, wavelength calibrated, and the barycen-
tric correction was applied.
The HERMES spectra were reduced in an automatic way
with the dedicated HERMES pipeline, which provides un-
normalised merged spectra as a function of wavelength. The
McDonald Spectra were reduced using IRAF1. The normalisa-
tion was done by fitting low-order polynomials to continuum
windows in the data. We took care not to distort the hydrogen
lines.
Figure 4 shows the least squares deconvolution (LSD) pro-
files phased with the orbital period. One component shows a
smooth rotation profile, while the other shows strong line pro-
file variation. This situation is best visible in the profiles around
the phase of 0.75 and at the phases near quadrature (i.e., phases
0.4 and 0.8). These profiles show that only the component, which
has redshifted lines at phases near 0.75 shows either non-radial
pulsation or a close companion. To examine this issue, LSD pro-
files from consecutive McDonald observations were compared
(see Fig. 5). The McDonald spectra are separated by 20 min-
utes, thus, the fast change implies that the line profile variation
is caused by pulsation rather than by the close binary scenario.
3.1. Element abundances
We present the results of the abundance analysis based on spec-
trum #43 of the HERMES series and spectrum #602 and #831 of
1 IRAF is distributed by the National Optical Astronomy
Observatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with the
National Science Foundation.
the HARPS series. These spectra were taken at different orbital
phases, namely at 0.796, 0.477 and 0.958, respectively. The goal
of the abundance analysis presented here is to confirm or reject
the δ Del classification and to derive the fundamental parame-
ters. The HERMES spectra #40 - 44 cover the phase of max-
imum separation of the spectral lines of the two components.
The spectrum #43 was chosen, because the lines of the compo-
nents are widely separated; the HARPS spectra #602 and #831
were selected, because they are blended and they provide a su-
perior S/N over the HERMES spectra. The consistency of the
abundances derived from spectrum #43 was assessed using the
mentioned HARPS spectra.
We followed the spectrum synthesis approach to deter-
mine the abundances. The ATLAS9 model atmospheres (Kurucz
1993) and line lists from VALD (Piskunov et al. 1995; Kupka
et al. 1999; Ryabchikova et al. 1997) were used. The syn-
thetic spectra were calculated using the synth3 code (Kochukhov
2007). To fit the spectral lines, the visualisation software pack-
age BinMag32 was used, which conveniently allows fitting abun-
dances of synthetic spectra to observations. To be able to use this
feature, the luminosity ratio plays an important role. The hydro-
gen lines suggest almost identical components, the luminosity
ratio was initially set to 1.0.
To determine the Fe abundances, we used only lines of spec-
trum #43, where the lines were not blended. In this way, we
could use 25 Fe I lines and 7 Fe II lines per star. The microtur-
bulent velocity (vmic) was determined by minimising the stan-
dard deviations of the Fe I abundances for different vmic rang-
ing from 2.0 to 5.0 km s−1. For the component showing no LPV
(hereafter component A) vmic = 3.8 km s−1 yielded the minimum
2 url:http://www.astro.uu.se/∼oleg/
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Fig. 4. LSD profiles of the HERMES spectra phased with the
orbital period. The phase 0 corresponds to JD 2 456 368.712.
standard deviation while the star with the strong LPV (hereafter
component B) showed the minimum standard deviation of the
Fe I abundances at vmic = 2.6 km s−1. These results were checked
with the HARPS spectra #602 and #831.
The effective temperatures were determined by fitting syn-
thetic spectra to the observed Hβ line and were subsequently
refined by using the excitation potential vs. abundance. For com-
ponent B, the initial guess Teff = 6800 K was correct, while the
temperature of component A had to be corrected by 400 K (Teff
= 7200 K).
The ionisation equilibrium could only be achieved if low
log g values were allowed. The imbalance of the abundances
from Fe I and Fe II increased for higher surface gravities. Even
for log g = 3.5, the ionisation equilibrium was not achieved.
Therefore we adopted log g = 3.2 for both components. The un-
certainties of the temperatures were estimated to 200 K and for
log g to 0.2 dex.
The ratio of the radii was estimated by visually inspecting
the cores of the hydrogen lines comparing to synthetic binary
spectra. Radius ratios of 1 fit best, while the syntheses did not
fit the observations any more below 0.9 and above 1.1. Thus,
we adopted 1.0 ± 0.1 for the radius ratio. To fit synthetic line
profiles to the observed line profiles, we scaled the observations
accordingly.
Fig. 5. LSD profiles of two McDonald spectra taken on March
28th, 2013 (phase 0.352) consecutively (left panel, full line: first
exposure, dashed line second exposure) compared to two LSD
profiles of two spectra from HERMES (March 28, 2013, phase
0.348, full line and March 29, 2013 phase 0.377, dashed line).
Fig. 6. Disentangled spectra (top panel), bias (middle panel) and
polynomial fits to the bias (smooth lines), and corrected spectra
(bottom panel). The spectra shown in black and red correspond
to component A and B, respectively. For the corrected spectra the
fits to the bias were simply subtracted. The top spectrum of the
bottom panel is a synthesis calculated with Teff = 6800 K, log g
= 3.2 and solar metallicity (violet line). The dashed horizontal
lines indicate the continuum. The individual spectra are shifted
for better visibility. A colour version of this figure is available
online.
The abundances of additional 20 elements could be derived
by this method (see Table 4). The chief difference of the two
stars is the Sc abundance, which is deficient in the non-radially
pulsating component by ≈ 1 dex and slightly underabundant in
the other component. The Y and Ba are overabundant by 1 dex,
where the non-radially pulsating component shows a larger Y
abundance than component A. Despite the large uncertainties of
the abundances of the s-process elements, the qualitative results
are valid and show a clear Am-pattern for both components.
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Fig. 7. Disentangled spectra showing the clearly different
strengths of Sc II line at 5031Å. The spectrum of the pulsating
component is displayed on top the spectrum of the non-pulsating
component below. No attempt to re-normalise the spectra was
done.
Fig. 8. Radial velocity curves (upper panel) showing the mea-
surements (symbols with error bars) and the fitted RV solutions
(full lines). The open circles, filled squares and the open trian-
gles represent the HERMES, McDonald and HARPS spectra,
respectively. The phased binary light curve is shown in the mid-
dle panel for comparison. The bottom panel shows the residuals
in km s−1 for component A (open circles) and B (filled circles).
A successful disentangling of spectra requires a homoge-
neous phase coverage. The attempt to disentangle them using the
code fdbinary (Ilijic´ 2003) led to undulations and distortions of
the Hβwing (around 4875Å, Fig. 6). The bottom panel shows the
re-normalised spectra, where the bias (solid lines middle panel)
was subtracted. Therefore, we did not use the disentangled spec-
tra for the determination of the abundances. Nevertheless, the
disentangling confirmed that both components are very similar
and are compatible with Teff and log g that are determined on the
composite spectra. A synthetic spectrum with solar metallicity
is shown for comparison in the bottom panel of Fig. 6. Note the
strong Y lines at 4900 Å. The disentangled spectra also confirm
different line strengths of the Sc lines of both components, which
is most obvious at the Sc II line 5031Å (shown in Fig. 7).
Table 4. Elemental abundances (logNX/Ntot) compared to the
sun’s abundances; the first number in brackets is the standard
deviation and the numbers of lines are separated by ”;”. The so-
lar abundances are taken from Asplund et al. (2009). The abun-
dances of the elements below the line are derived by fitting line
blends.
Element Component A Component B Sun
Fe -4.85 (0.3;28) -4.44 (0.2;28) -4.54
Ca -5.67 (0.18;8) -5.70 (0.27;6) -5.70
Ni -5.82 (0.19;5) -5.44 (0.16;6) -5.82
Mg -4.43 (0.08;3) -4.70 (0.30;4) -4.44
Ti -7.60 (0.37;3) -7.40 (0.55;3) -7.09
Ba -8.76 (0.33;3) -8.90 (0.13;3) -9.86
Y -9.33 (0.36;3) -8.98 (0.54;2) -9.83
Sc -9.10 (-;1) -10.05 (0.25;3) -8.89
Si -4.60 (0.16;3) -4.35 (0.23;2) -4.53
S -4.73 (0.01;2) -4.85 (0.07;2) -4.92
Mn -7.00 (0.14;2) -6.61 (-;1) -6.61
O -3.27 (-;1) -3.35 (-;1) -3.35
C -4.11 (-;1) -3.85 (-;1) -3.61
Li -9.50 (-;1) -9.50 (-;1) -10.99
La -9.94 (-;1) -9.94 (-;1) -10.94
Ce -9.46 (-;1) -9.46 (-;1) -10.46
Sr -8.67 (-;1) -8.17 (-;1) -9.17
Zr -8.46 (-;1) -8.96 (-;1) -9.46
Nd -10.62 (-;1) -9.62 (-;1) -10.62
Eu -10.52 (-;1) -10.52 (-;1) -11.52
Lu -11.0 (-;1) -10.44 (-;1) -11.94
3.2. Radial velocities
The radial velocities and the projected rotational velocities were
determined with the software BinMag3. This code allows fitting
synthetic composite spectra to the observed composite spectra.
The v sin i of the two components was determined by using the
HERMES spectra #40 to 45, where the lines of the two com-
ponents were clearly resolved. We used 7 to 12 individual mea-
surements in different wavelength regions for each spectrum and
averaged all measurements. The resulting v sin i is equal for both
components: 41.37±1.3 and 41.73±1.7 km s−1, respectively.
To determine the radial velocities, we used the same tool by
keeping the v sin i fixed at the mentioned average values and al-
lowing the adjustment in RV only. About 16 regions in each
individual spectrum were selected for fitting the RVs. In total,
about 420 individual measurements were performed. The RV
measurements with their corresponding standard deviations are
given in Table 5. The systemic velocity (γ velocity) was not sub-
tracted; it was determined in the following analysis. The result-
ing RV curve is shown in Fig. 8 (upper panel), with the fits to
the RVs of both components. The binary light curve (see Sec. 4)
derived from the CoRoT photometry is shown for comparison
in the middle panel. The phase of maximum RV difference for
the primary component coincides with the phase of maximum
brightening, which indicates that the brightening is in fact due
to the irradiation/reflection effect at periastron. Furthermore, the
radial velocities of both components are of the same magnitude,
which means nearly equal masses. This is another evidence of
both components being nearly identical stars.
We used the Teff , log g, v sin i, RVs, and the ratio of the radii
as input for the orbital modelling. The abundances were used as
input for the seismic modelling (Sec. 5).
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Fig. 9. Binary light curve solutions of HD 51844. Left panel: The binary light curve of HD 51844 after the removal of the pulsational
variation (red) and the best solution when both stars have radiative atmosphere (black). The residual curve is also plotted in the
bottom. Right panel:Comparison of the radiative solution to the ’best-fit’ light curve solution for a convective secondary atmosphere.
Table 5. Radial velocities derived from individual spectra. The
errors are the standard deviations of about 16 individual mea-
surements.
Label BJD-2451545.0 RVA[km s−1] RVB [km s−1]
602 3633.76490 50.61±1.53 -4.11±1.35
801 3647.84634 -0.38±2.05 50.59±2.46
831 3649.86688 17.65±2.06 31.54±3.07
820 3650.85916 26.65±3.13 20.86±2.29
23 4830.35553 46.21±1.76 -1.33±1.30
24 4831.37884 48.89±1.75 -3.40±1.29
25 4832.34940 49.87±1.63 -3.94±1.46
28 4835.35516 52.17±1.64 -6.85±1.48
29 4836.35728 52.34±1.49 -7.25±1.01
30 4837.35234 52.48±1.71 -6.71±1.41
31 4838.35062 52.14±1.89 -5.24±1.45
32 4839.35832 50.09±1.83 -3.26±1.25
36 4843.35390 36.56±2.51 9.95±1.64
37 4844.35639 28.62±3.20 17.90±2.16
38 4845.36529 20.65±2.65 26.67±3.78
39 4846.35329 5.21±1.98 43.52±2.22
40 4847.35280 -17.71±3.09 64.86±2.19
41 4848.36444 -43.66±2.63 90.20±3.12
42 4849.37935 -57.95±2.18 103.93±3.38
43 4850.37624 -54.35±2.13 101.22±2.57
44 4851.38563 -38.53±2.00 87.04±1.16
45 4852.37940 -24.03±2.42 70.50±1.51
46 4853.37166 -7.92±2.62 54.84±2.28
Mc26 4833.60500 52.44±3.10 -1.97±3.36
Mc27 4834.60590 52.96±3.29 -4.54±3.66
Mc28 4835.60990 53.41±2.41 -5.67±2.17
Mc29 4836.60630 53.61±2.35 -4.93±2.87
Mc31 4838.60520 54.88±2.70 -3.26±3.22
4. Orbital parameters
To derive the orbital parameters we used the cleaned light curve
of Sec. 2, that is prewhitened by frequencies in the range of 5-
25 d−1, the radial velocities of Sec. 3, and the parameters derived
from spectroscopy. Since no eclipses were observed, two minor
effects of ellipsoidal light variation and the reflection or irradia-
tion effect are visible in the light curve. Doppler-boosting, which
might have a comparable amplitude to the previous ones (Zucker
et al. 2007), does not play any role in HD 51844, due to the sim-
ilarity of the two stars in both mass and brightness.
A simultaneous radial velocity and light curve analysis was
performed (case of a detached binary) but did not lead to a
unique solution. A variety of different solutions was possible,
since the light curve does not allow constraining all of the in-
put parameters. The RV curves are fitted almost exactly but the
inclination was not at all constrained; thus, it could be obtained
only from the light curve.
The lightcurvefactory (see, e.g., Borkovits et al. 2013) pro-
gram allowed us to find a decent solution for both data types
simultaneously when some of the parameters were fixed a pri-
ori. When restricting our analysis to a single band light curve of
a detached binary, this code was almost equivalent with the re-
cent versions of the Wilson-Devinney (WD) (see, e. g., Wilson
& van Hamme 2010, for recent improvements) and PHOEBE
codes (Prsˇa & Zwitter 2005) with the added benefit of its flexi-
bility in constraining the model parameters and the inclusion of
Doppler-boosting effect (not used here).
Our light curve modelling was based on the spectroscopic
results (Teff , log g and Vrot sin irot), and the orbital parameters (e,
ω, Porb, τ), mass ratio (q), and projected mass of the compo-
nents (m sin3 iorb), which were obtained from the RV analysis.
The log g values and the inclination (i) were the adjustable pa-
rameters. The Teff,A = 7300 K (in the error bar of the spectro-
scopic value) was also fixed, since the light curve is sensitive
to only the ratios of the temperatures. The adjustment of the
log g values, which are observables of spectroscopic solution,
is a speciality of the presently used program, giving opportu-
nity to control the ratio of the radii and the orbital semi-major
axis (i.e., the dimensionless fractional stellar radii) for the com-
ponents through a directly observable spectroscopic parameter.
The solution was verified in each phase by PHOEBE.
The fixing of Teff,A was particularly critical in the present
situation, as the stars were located near the transition re-
gion between convective envelopes and radiative atmospheres.
Technically, this is reflected in a quick variation in the values
of both the bolometric albedos and the gravity darkening ex-
ponents (Claret 1998). Their practically almost discontinuous
nature, however, makes it possible to distinguish between the
convective or radiative atmosphere solutions for the members of
HD 51844.
The amplitude ratio of the reflection/irradiation effect to the
ellipsoidal variation (consequently, the “heartbeat”) strongly de-
pends upon the bolometric albedos and gravity darkening expo-
nents. Therefore, the net light-curve variation significantly dif-
fers from each other both in amplitude and shape.
After the first preliminary runs we concluded that we can find
reliable solutions only if both the stars have radiative envelopes.
Therefore, the final parameter refinement was calculated only
for the radiative case. In this stage, the orbital elements were
also allowed to vary between the probable error limits of the RV
solution. In Table 6, we list the orbital and stellar parameters.
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Table 6. Orbital and stellar parameters derived from the binary
light curve analysis.
orbital parameters
Porb (days) 33.4983 ± 0.0020
a (R) 69.37 ± 0.46
e 0.484 ± 0.020
ω (◦) 166.68 ± 2.0
i (◦) 69.8 ± 5.0
τ (BJD) 2 454 786.4223 ± 0.25
K1 (km s−1) 55.92 ± 0.50
K2 (km s−1) 56.63 ± 0.50
γ (km s−1) 23.36 ± 0.23
q 0.988 ± 0.012
stellar parameters
Primary Secondary
m (M) 2.01 ± 0.20 1.97 ± 0.19
R (R) 3.69 ± 0.18 3.52 ± 0.17
Teff (K) 7300 ± 200 7300 ± 200
L (L) 34.1 ± 0.4 31.1 ± 0.4
log g (dex) 3.62 ± 0.01 3.65 ± 0.01
Prot (days) 4.07 ± 0.28 3.89 ± 0.29
Figure 9 shows the fit of the light curve using the radiative
envelope scenario (left panel) and a comparison between the ra-
diative and the convective envelope scenario for the secondary
component. Thus, a hotter Teff for component B results in a bet-
ter fit to the light curve than the cooler Teff from spectroscopy.
The orbital parameters enable us to calculate the theoretical
Doppler shift of the pulsation frequencies. For the CoRoT light
curve, we checked the five highest amplitude modes and found
the first four highest amplitude frequencies have higher frequen-
cies at apastron and lower frequencies at periastron in each orbit.
Table 7 gives the period differences in seconds from the apastron
passage to the consecutive periastron passage and from the pe-
riastron passage to the consecutive apastron passage and so on.
The differences and range from 1.0 – 8.6 seconds. The shift of
the frequencies is of the order of half of the Rayleigh resolu-
tion (0.0833 d−1). The expected Doppler shift of the periods was
calculated according to
fp = f
(
1 − K(1 + e) cos(ω)
c
)
,
fa = f
(
1 +
K(1 − e) cos(ω)
c
)
,
The corresponding values of Table 6 were inserted and for f the
corresponding frequency values. The consistency of the signs
and the agreement with the theoretical Doppler shift with the res-
onances provides strong evidence that only the secondary com-
ponent is pulsating.
The binary modelling modified the result of spectroscopy re-
markably for two parameters, the Teff and log g of the compo-
nents. The Teff of the secondary (the pulsating component) was
suggested to be hotter with 500 K. The log g of both components
were increased by 0.4 dex, which is far above the error bars of
the spectroscopic determination.
5. Evolution and pulsation models
The discrepancies in Teff and log g obtained from spectroscopy
(Sec. 3) and orbital solution (Sec. 4) led us to place this binary
system in a wide range within the HR diagram: Teff = 6600 -
Fig. 10. Location of models for component B, in the log Teff –
log g plane. The full line corresponds to the evolutionary track of
the M = 2.04 M model, and the dashed line to M = 1.97 M.
7300 K and log g = 3.0 - 3.7. The range of the frequency content
[5-15d−1 ] (Sec. 2) and the characteristic spacing (2.0 – 2.2 d−1)
between the dominant modes (assuming that it corresponds to
a large separation feature in the low frequency regime) add ad-
ditional constraints for the pulsating component in the binary
system. We aimed at modelling component B to check if one of
these observables might tip the scales in favour of the spectro-
scopic or to the orbital solution.
We used the evolutionary code CESAM (Morel 1997; Morel
& Lebreton 2008) and the pulsation code GRACO (Moya et al.
2004; Moya & Garrido 2008) to calculate non-rotating equilib-
rium models and non-adiabatic frequencies with l ∈ [0, 3], re-
spectively. All the models included OPAL opacity tables and
Eddington (radiative) atmospheres. The element abundances de-
termined in Sec. 3.1 have been taken as parameters for the ini-
tial chemically homogeneous ZAMS models, which resulted in
a metallicity of [Fe/H] = 0.09 dex. The mixing-length formula-
tion (Bo¨hm-Vitense 1958) have been included in the computa-
tions with the overshooting extension. Following the works by
Daszyn´ska-Daszkiewicz et al. (2005) and Casas et al. (2006,
2009) concerning δ Sct pulsators, we used the most consistent
values (with observations) for the mixing-length parameter and
core overshooting: αMLT = 0.5 and dov = 0.2, respectively.
Two set of models covering the spectroscopic (1-5 in Table 8)
and the orbital solutions (A-H in Table 8) were studied but we
explored models, too, using the spectroscopic Teff and log g from
the orbital solution (6-7 in Table 8). Usually, log g and Teff were
the fitted parameters, and the mass was considered a free param-
eter. To cover wider possibilities, in models F, G, and H, the mass
and Teff from the orbital solution were the target parameters, and
log g was a free parameter.
The models cover a large range of evolutionary stages from
main sequence (A, F) through the terminal age main sequence
(TAMS, 6), the contraction phase (B, C, D), and the H-shell
burning phase (E, H) up to the post main sequence phase (PS,
1-5). We calculated the range of excited modes, ∆ν (large sep-
aration) for low order radial modes, and the mean density (ρ)
were calculated for all models (Table 8).
Models 1 to 5 show frequency ranges and large separations
lower than the observed ones. On the other hand, models F, G,
and H possess much higher values for both the range and ∆ν.
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Table 7. Frequency modulation due to the orbital motion. The period changes between the apastron and periastron phases are
indicated in seconds and the expected light time effect (Doppler shift) from the binary orbit solution is given in the last column.
Freq. ap1-per2 per2-ap2 ap2-per3 per3-ap3 ap3-per4 expected
(d−1) s s s s s s
12.209242 +1.6 -3.2 +1.0 -2.8 +2.9 ±2.6
7.054777 +3.8 -4.6 +4.9 -5.4 +5.4 ±4.5
6.944380 +8.6 -7.0 +5.6 -6.1 +4.2 ±4.6
8.141873 +2.9 -6.5 +5.2 -1.7 +3.1 ±4.2
Table 8. Parameters of models for component B, including the range of excited modes; the last column gives the mean density.
Model Mass Teff log g age range of excited modes ∆ν ρ
No. [M] [K] [cm/s2] Gyr [d−1] [d−1] [g cm−3]
1 3.25 6980 2.9854 0.295 2.37 – 4.45 0.60 0.0052
2 3.05 6552 2.9738 0.350 2.10 – 4.80 0.60 0.0066
3 2.60 6797 3.2065 0.543 2.72 – 7.60 0.91 0.0110
4 2.30 7000 3.3994 0.767 3.98 – 10.80 1.34 0.0257
5 2.15 6604 3.3959 0.934 3.98 – 11.14 1.34 0.0263
6 2.04 6789 3.6332 1.046 4.84 – 16.24 2.07 0.0612
7 1.84 6784 3.7890 1.266 5.7 – 22.5 2.72 0.1103
A 2.21 7285 3.6488 0.812 6.8 – 17.7 2.05 0.0623
B 2.12 7303 3.6538 0.960 7.26 – 17.3 2.10 0.0647
C 2.13 7308 3.6492 0.947 7.17 – 17.11 2.07 0.0635
D 2.14 7305 3.6459 0.934 8.20 – 16.8 2.06 0.0626
E 2.04 7295 3.6460 1.076 7.6 – 17.1 2.10 0.0642
F 1.97 7300 3.8240 0.996 8.3 – 24.0 2.80 0.1203
G 1.97 7300 3.7094 1.190 6.9 – 19.5 2.34 0.0810
H 1.97 7301 3.7079 1.191 6.7 – 20.83 2.34 0.0806
Models A, B, C, D, and E fit the range of excited modes only
roughly, but present large separations similar to the observed
ones. They still cover the evolutionary phase from MS (A) via
contraction phase (B-D) to the H-shell burning phase (E). The
most representative model of the star is model 6 with the spec-
troscopic Teff and the orbital log g value. The range of excited
modes [4.84-16.24] agree with the observed range and the large
separation agrees with the half of the f1 – f4 spacing. According
to this model, the pulsating star is in the TAMS evolutionary
stage with 1.046 Gyr age.
Remarkably, even when these latter models that fit the large
separation value (A to E and 6) have slightly higher masses than
the values in Table 6, they show very similar mean densities (less
than a 2.1% of difference) to the investigated star’s with ρ =
0.0638±0.0154 g cm−3, accordingly to values in Table 6. It has
been suggested by several studies, both with (Reese et al. 2008)
or without (Garcı´a Herna´ndez et al. 2013; Sua´rez et al. 2014)
the consideration of rotational effects in the frequency computa-
tions, that the large separation in the low order regime of the p
modes is related in a simple way to the mean density of the star,
which is just analogous to the solar-type stars case. For this par-
ticular object, the agreement between non-rotating models and
observations is due to the moderate rotation. Using the orbital
solution and the inclination angle, we derived Ω/ΩK ∼ 0.135,
where ΩK is the rotational Keplerian limit (ΩK =
√
GM/R3).
It is also worth mentioning that the previously commented
findings (the large separation and mean density) match the the-
oretical formula given in Sua´rez et al. (2014). We found a de-
viation of only 6 % from the observed values in the parameters
calculated with the relation.
6. Discussion
The comprehensive investigation (CoRoT light curve, spec-
troscopy, orbital and pulsational modelling) of HD 51844 proved
to be a challenge in many fields of astrophysics. Discrepancies
appeared between the derived parameters from different meth-
ods, as in the cases of other binary stars (e.g., Maceroni et al.
2014; Lehmann et al. 2013).
Disentangling of the composite spectra is challenging when
the spectra are not evenly spaced in phase like in our case.
Finally, the Teff , log g, and the abundances were derived from the
composite spectra. The non-LTE effects may have a significant
influence on the balance of Fe I and Fe II lines that we used for
the determination of log g (Mashonkina 2011). The difference in
Teff of 500 K between the spectroscopic determination and the
binary light curve modelling for the secondary component sug-
gests significant basic uncertainties of the model physics.
The modelling of the brightening at periastron passage in the
light curve was found to be quite sensitive to the type of atmo-
sphere (convective or radiative) of both components. The choice
of either one led to very different basic parameters (gravity dark-
ening and albedo).
The seismic modelling based on the results of spectroscopy
and the orbital solution is also confronted with the problem
that the stellar evolution is very rapid in this parameter space.
The modelling also encounters the problem that according to
the abundance analysis both components are Am stars show-
ing a significant Sc deficiency for the pulsating component (sec-
ondary). Maceroni et al. (2014) found a similar Sc deficiency for
the primary component in the KIC 3858884 system, but, con-
trary to our case, not for the pulsating component.
In the case of Am stars, the surface abundances do not rep-
resent the mean abundances in the inner layer of the stars (dif-
fusion and settling, Michaud 2004). Moreover, the primordial
elemental abundances of the original cloud, from which the sys-
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tem formed, are not reflected by the photospheric abundances.
What is more, the capture of the components is unlikely because
of the similar abundances.
The best seismic model resulted in a solution with spectro-
scopic Teff and with log g obtained from the orbital solution.
Although time dependent convection (TDC) would be needed
for a more sophisticated representation of the excitation, the seis-
mic model #6 perfectly covers the range of the excited modes
that we obtained from the CoRoT light curve.
Still, we are faced with the unsolved problem of the non-
pulsating primary. The line profile variation shows that only the
secondary is pulsating. The direction of the Doppler shift of the
four dominant frequencies uniquely proves that they are excited
in the same star, which is consistent with the Doppler shift of the
spectral lines of the secondary.
The wide range of Teff and log g of the models cover the
parameters of the primary, too, which means we should see pul-
sation in the primary, but which we could not detect. It is not
a surprising result since about 1/3 of the star shows pulsation in
the classical instability strip. However, the enhanced abundances
of the s-process elements in both components suggest evolution-
ary status at or near the post main sequence phase rather than the
above mentioned scenario.
Another argument to why we could not find pulsation in the
primary could be low amplitudes or a geometric effect. Since the
linear treatment of the non-radial pulsation do not give informa-
tion on the excited amplitudes, the primary may also pulsate but
with a lower amplitude than the secondary. The upper amplitude
limit may be the uncertainties of the line profiles. Due to their
low amplitudes, we cannot check more frequencies for Doppler
shifts; hence, it is not possible to discern directly to which com-
ponent each frequency belongs.
Different inclination angles of the primary and secondary
with similar excited amplitudes are very unlikely, since the stel-
lar rotation and the orbital motion are relics of the same angular
momentum of the primordial cloud, out of which the binary was
formed. We may suppose that the rotational axes of both com-
ponents are aligned in the same way to the orbital plane as we
supposed in the orbital solution.
As we have discussed in Sec. 2.2, 3:2, the 3:5 and 3:4 res-
onances were found between pairs of frequencies. Of course,
when we have many frequencies, then numerical relations
among the lower amplitude frequencies may appear with
higher probability. However, we have f1: f4=3:2, f3: f7=3:5, and
f4: f13=3:4 resonances for the higher amplitude modes. The
probability that these ratios appear by chance is very low. We re-
gard their appearance as an up-to-now unencountered new result,
but we did not find any obvious explanation for it. According
to our knowledge, n:9 resonances were found in HR 8799, a γ
Doradus star based on MOST dataset (So´dor et al., submitted to
A&A).
Three different periodicities exist in a heartbeat binary sys-
tem: the orbital period and the rotational periods of the com-
ponents. We checked the relation of the frequencies to the or-
bital period searching for tidally excited p modes. We found two
modes ( f22 and f36) with an integer multiple of the orbital period.
The orbital solution revealed similar but not identical rotational
velocities for the components.
A plausible idea was to check the relations of the frequen-
cies to the rotational velocities. Three frequencies ( f15, f32, and
f97) showed exact integer multiple of the vrot of the secondary
component with 28.997422, 38.996355 and 24.000133 values,
respectively. Three other frequencies ( f31, f84 and f114) revealed
exact integer multiple of the vrot of the primary component with
50.002677, 32.000375, and 20.995095 ratios, respectively. A
plausible explanation is that not only the orbital period is tidally
locked to some p modes, but the rotational velocities of both
components are locked to some frequencies. Regarding a ±0.05
range around the exact multiple values, eleven frequencies ex-
hibit near resonance to the orbital frequency, eight to the vrot of
the secondary and ten to the vrot of the primary. The frequency
f100 shows near resonance to both the orbital and the rotational
velocity of the secondary in the accepted range.
No frequency was found in resonance with both the orbital
and vrot of the primary. In the case of f25, near resonance was
found in the accepted range to the rotational velocity of both
components. We see only a low probability that so many reso-
nances would appear only by chance. The frequencies presum-
ably are the eigenmodes of the secondary component, but they
do not seem to have a similar excitation as in a single pulsat-
ing star. We have not found a similar behaviour reported for any
heartbeat star.
The TAMS (terminal age main sequence) evolutionary stage
of the secondary with an age of 1 Gyr, the orbital solution with
almost equal rotational velocities, and their relations to the fre-
quencies give information on the evolutionary stage of the binary
system.
Mazeh (2008) gives a nice review of the tidal effects in bina-
ries, including the eccentricity-period relation, the synchronisa-
tion, and circularisation of the systems. The eccentricity-period
relation of HD 51844 agrees with the general distribution of SB
binaries (Fig. 1, Mazeh 2008), although it is near to the envelope
curves. The medium-range eccentricity (e=0.484) clearly shows
that the system is by far not circularised. On the other hand, the
equality of the projected rotational velocities suggests that the
stellar spins are synchronised with each other.
According to the measured vrot sin irot values, the maximum
rotation period of the two stars is ∼ 4.2 days, the pseudo-
synchronous rotation period would be ∼ 12.6 days while in the
frame of the equilibrium tide theory of (Hut 1981); therefore,
we conclude that the stars certainly exhibit super-synchronous
rotation. Furthermore, for such a high ratio of the rotational and
orbital angular velocities (Ω/Ωorb ≥ 8), the classical theory of
equilibrium tides predict eccentricity increase instead of circu-
larisation, as it was pointed out first by Darwin (1879).
In the recent years both the equilibrium (Remus et al. 2012)
and the dynamical (see, e.g., Fuller & Lai 2012; Burkart et al.
2013, and numerous further references therein) tide theories
have been substantially improved. Most of the recent studies
concentrated on tidal resonance locking mechanism (Witte &
Savonije 1999), which may cause tidally driven rapid synchroni-
sation and circularisation. One of the extraordinary importance
of heartbeat stars is that they may offer observational evidence
for such tidally-excited oscillations, which might indicate tidal
resonance locking in progress. The best example is the case of
KOI-54 (Fuller & Lai 2012).
The lack of oscillation frequencies in the g-mode region
(apart from f98 and f111) and the appearance of only two p
modes, which are multiples of the orbital frequency, reveal the
ineffectiveness of the tidal oscillations in the present evolu-
tionary stages of the binary members. The relatively high age
of 1 Gyr of the system also suggests that the resonance lock-
ing (which would cause a significant eccentricity decrease on
a 0.1 Gyr timescale) has not been effective for most part of the
system’s lifetime. However, the relations between the oscillation
frequencies and the rotational frequencies of the components
could play an important role in reaching a super-synchronous
rotation period of the components. The possibly equal super-
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synchronous rotation period of the members of such a highly
eccentric, old binary might offer further challenges for tidal dis-
sipation theories.
7. Summary
Using the high precision CoRoT Seismo light curve and high-
resolution spectroscopy, we discovered that HD 51844 is the first
CoRoT heartbeat star. The system consists of two nearly equal
mass stars with similar fundamental parameters, showing δ Sct
pulsation and integer ratios (resonances) among ∼36% of the
pulsation frequencies. Such integer ratios have not been reported
before for δ Sct stars. For the dominant four frequencies, we
could unambiguously show that they originate in the slightly less
massive star and could not find proof for the slightly more mass
component to pulsate. We discovered two potentially tidally ex-
cited p modes with an exact integer ratio to the orbital period.
Additionally, one less obvious tidally excited g mode was found.
We also found an exact locking of frequencies not only to the or-
bital period but also to the rotational frequencies of both compo-
nents. No similar behaviour has been reported for any heartbeat
star. The rotation of the components is super-synchronised, but
the system is far from being circularised. The chemical com-
position of both components fits the δ Del classification from
the literature, where the most pronounced difference is in the Sc
abundance (∼ 1 dex less for the pulsating secondary). The equal
super-synchronised rotation periods, the high eccentricity, and
the age of HD 51844 provide good occasion for further investi-
gation of the tidal dissipation theories.
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Table 9. The 115 frequencies, amplitudes and phases obtained above S/N = 4.0.
No. Frequency Ampl. Phase S/N No. Frequency Ampl. Phase S/N
(d−1) (mmag) (rad) (d−1) (mmag) (rad)
1 12.21284(4) 2.26(2) 0.1683(8) 419.99 59 5.523(6) 0.04(8) 0.46(8) 11.49
2 7.05419(8) 2.14(2) 0.2278(9) 431.56 60 11.942(9) 0.05(1) 0.62(6) 9.51
3 6.94259(6) 1.83(2) 0.5071(6) 371.62 61 9.283(6) 0.04(8) 0.06(9) 8.73
4 8.14077(3) 1.47(4) 0.150(7) 282.77 62 10.971(0) 0.04(5) 0.01(9) 7.94
5 6.75568(5) 0.61(5) 0.797(7) 125.20 63 12.050(0) 0.04(3) 0.35(9) 7.95
6 11.95900(1) 0.58(4) 0.388(8) 108.89 64 9.072(3) 0.04(3) 0.76(6) 7.96
7 11.56613(9) 0.53(7) 0.512(1) 95.27 65 9.470(0) 0.04(1) 0.44(8) 7.58
8 10.3695(3) 0.37(1) 0.476(9) 66.53 66 7.084(2) 0.04(2) 0.53(7) 8.43
9 11.3373(2) 0.36(5) 0.440(8) 65.74 67 11.316(5) 0.04(3) 0.57(3) 7.66
10 12.0898(2) 0.35(7) 0.554(2) 65.86 68 6.769(9) 0.04(3) 0.82(1) 8.82
11 10.3528(3) 0.32(3) 0.292(2) 57.71 69 11.738(8) 0.03(9) 0.89(4) 6.88
12 10.7233(6) 0.30(6) 0.970(0) 55.41 70 10.260(6) 0.03(9) 0.41(2) 7.01
13 10.8483(5) 0.27(7) 0.957(2) 49.87 71 9.776(1) 0.03(9) 0.01(0) 7.13
14 10.6819(2) 0.26(1) 0.687(6) 47.53 72 5.087(4) 0.03(7) 0.44(5) 9.26
15 7.4543(5) 0.23(7) 0.359(2) 46.27 73 12.466(8) 0.03(8) 0.88(9) 7.14
16 11.7759(5) 0.22(9) 0.230(9) 40.85 74 6.972(6) 0.03(8) 0.85(0) 7.60
17 12.5201(9) 0.19(1) 0.506(8) 36.23 75 8.169(6) 0.03(7) 0.18(6) 7.00
18 11.4296(6) 0.18(3) 0.132(8) 32.48 76 7.913(9) 0.03(7) 0.72(9) 7.08
19 6.5868(9) 0.17(2) 0.360(1) 35.92 77 6.547(4) 0.03(2) 0.66(7) 6.72
20 12.7545(3) 0.17(2) 0.064(6) 33.45 78 7.275(9) 0.03(2) 0.14(6) 6.43
21 11.8311(5) 0.16(2) 0.07(6) 29.07 79 10.210(6) 0.03(2) 0.44(9) 5.62
22 9.9707(4) 0.16(3) 0.86(1) 28.81 80 8.690(3) 0.03(0) 0.86(5) 5.84
23 7.2190(1) 0.15(5) 0.94(3) 31.35 81 10.002(9) 0.03(3) 0.18(3) 5.74
24 9.7186(2) 0.14(8) 0.02(8) 27.23 82 9.802(9) 0.03(2) 0.69(8) 5.92
25 11.2958(9) 0.14(3) 0.90(8) 25.63 83 11.656(7) 0.03(0) 0.20(7) 5.34
26 14.8846(6) 0.13(9) 0.70(6) 24.64 84 11.458(6) 0.03(2) 0.65(9) 5.59
27 9.3199(5) 0.12(9) 0.85(0) 23.70 85 8.624(0) 0.03(0) 0.09(5) 5.84
28 8.8682(8) 0.13(8) 0.07(9) 26.47 86 11.505(2) 0.03(0) 0.94(6) 5.33
29 8.8818(8) 0.12(2) 0.17(3) 23.42 87 9.917(9) 0.02(9) 0.11(1) 5.23
30 12.1572(4) 0.11(2) 0.25(6) 20.65 88 8.545(7) 0.02(8) 0.12(4) 5.45
31 12.2856(7) 0.10(9) 0.09(6) 20.20 89 7.862(5) 0.02(7) 0.74(0) 5.17
32 10.0247(7) 0.10(1) 0.25(3) 17.91 90 6.518(7) 0.02(7) 0.78(1) 5.90
33 8.3888(4) 0.09(9) 0.45(5) 19.06 91 10.080(2) 0.02(7) 0.31(3) 4.83
34 12.4223(7) 0.10(0) 0.69(9) 18.72 92 10.523(1) 0.02(7) 0.06(6) 4.95
35 7.3205(4) 0.09(2) 0.26(9) 18.32 93 10.837(4) 0.02(7) 0.21(3) 4.87
36 9.5227(3) 0.08(6) 0.73(0) 15.67 94 9.460(6) 0.02(7) 0.09(5) 4.88
37 10.6712(7) 0.08(6) 0.72(6) 15.71 95 8.915(1) 0.02(9) 0.68(6) 5.42
38 10.5005(0) 0.08(3) 0.06(2) 14.96 96 5.677(6) 0.02(6) 0.27(0) 6.21
39 7.9010(9) 0.08(4) 0.82(3) 16.07 97 6.169(7) 0.02(5) 0.04(0) 5.68
40 11.0848(4) 0.07(6) 0.28(5) 13.22 98 2.873(7) 0.02(5) 0.68(4) 4.94
41 11.2855(7) 0.08(0) 0.60(2) 14.28 99 11.606(1) 0.02(5) 0.27(9) 4.50
42 12.2430(9) 0.07(2) 0.58(3) 13.33 100 7.700(6) 0.02(4) 0.87(8) 4.60
43 7.5712(2) 0.07(1) 0.60(1) 13.86 101 6.068(1) 0.02(3) 0.14(7) 5.24
44 12.1830(0) 0.07(1) 0.96(0) 13.09 102 6.300(3) 0.02(4) 0.45(4) 5.36
45 7.6520(5) 0.06(7) 0.83(3) 12.97 103 10.280(2) 0.02(4) 0.00(6) 4.24
46 6.7898(5) 0.06(3) 0.04(9) 12.85 104 9.857(1) 0.02(2) 0.49(4) 4.10
47 8.2485(4) 0.06(7) 0.18(1) 12.75 105 10.554(7) 0.02(3) 0.71(8) 4.10
48 9.0977(1) 0.06(3) 0.90(0) 11.82 106 7.752(5) 0.02(3) 0.72(6) 4.36
49 12.7807(9) 0.06(0) 0.55(3) 11.63 107 12.498(7) 0.02(5) 0.94(6) 4.73
50 12.3208(9) 0.05(9) 0.53(2) 11.00 108 11.813(0) 0.02(2) 0.75(1) 3.98
51 10.8197(9) 0.05(5) 0.12(1) 9.83 109 5.695(7) 0.02(0) 0.16(4) 4.83
52 6.9123(6) 0.05(7) 0.59(7) 11.52 110 12.477(0) 0.02(1) 0.16(1) 4.00
53 7.0245(0) 0.05(3) 0.53(5) 10.66 111 3.253(4) 0.01(9) 0.32(5) 4.09
54 8.1106(2) 0.05(2) 0.96(6) 10.02 112 5.557(0) 0.01(9) 0.07(3) 4.75
55 8.0741(5) 0.05(1) 0.02(1) 9.85 113 5.793(5) 0.01(9) 0.13(8) 4.53
56 10.306(5) 0.04(9) 0.42(7) 8.77 114 5.158(5) 0.01(7) 0.17(5) 4.29
57 10.867(5) 0.04(9) 0.34(1) 8.89 115 4.988(5) 0.01(7) 0.18(6) 4.12
58 10.885(2) 0.04(9) 0.73(4) 8.73
